Difference spectra measured at -105°s how two decreases in the ultraviolet absorption spectrum of rhodopsin upon bleaching that cannot be attributed to changes in protein conformation. These absorbancy decreases in rhodopsin are consistent with a cis-trans isomerization of the chromophore.
Rhodopsin, the visual pigment, consists of the chromophore 11-ci retinal covalently bound to the protein opsin (1) . As seen in Fig. 1 , the two principal peaks in the absorption spectrum of rhodopsin are located at 280 and 500 nm. The short-wavelength absorption is due primarily to the aromatic amino acids of opsin; the band at 500 nm corresponds to the lowest r-xr* transition of the chromophore shifted by the protein from 380 nm to the visible region of the spectrum. In addition to the two major bands, there is a weaker peak at 340 nm that is most easily seen in pure preparations of rhodopsin. This band has often been termed the rhodopsin "cis" peak, since it is believed to correspond to the cis peak of the isomers of retinal (2) .
Retinal isomers have two subsidiary peaks in the ultraviolet, one at 250 and the other at 280 nm (3) . There has been a question as to which of these absorption bands is the ci8 peak (4) (5) (6) (7) (8) . We discuss the assignments of these transitions in a subsequent publication (Honig, B., Kliger, D., Ebrey, T. & Karplus, M., in preparation). In this work, we are concerned only with the identification of two corresponding transitions in the spectrum of rhodopsin. Our approach is to measure changes in the ultraviolet spectrum of rhodopsin that result entirely from the isomerization of the chromophore.
Our spectroscopic results enable us to identify early stages in the bleaching sequence of rhodopsin, in which the protein has not undergone measurable conformational changes. Furthermore, they provide another test for Hubbard and Wald's (9) finding that the chromophore of rhodopsin is directly isomerized by light, and that changes in the protein take place at a later time. Finally, they provide a more complete description of the spectroscopic changes that result from the formation of rhodopsin from 11-ci.s retinal and opsin.
METHODS AND MATERIALS
All low-temperature spectra presented here were measured with rhodopsin from outer segments of bovine rods, which were prepared by the methods of Ebrey (10) , hardened in 4% aluminum potassium sulfate, and solubilized in 2% digitonin.
Rhodopsin prepared with digitonin as a detergent is not as free from protein contaminants as rhodopsin that has been solubilized with other detergents, such as Ammonyx LO, and then has been purified by calcium phosphate chro-1897 matography (10) . However, since we are only interested in difference spectra, absolute shapes of absorption spectra are not necessary.
All of the difference spectra reported here were measured at -105°; other measurements at -80°gave essentially identical results. It is necessary to determine difference spectra at low temperatures for two reasons, (a) at room temperature (240), two of the bleaching products of the rhodopsin, metarhodopsin II and free retinal, absorb in the near ultraviolet, overshadowing any changes that might be expected from the isomerizations, and (b) it is known that some changes in opsin conformation will affect the absorption spectrum in the ultraviolet. These would interfere with measurements of absorption changes due to the chromophore in the 280-nm region. We show in the results section that absorbancy decreases assigned solely to protein conformational changes are not observed at -1050.
All absorption spectra were recorded by means of a Cary model 14 spectrophotometer. The sample temperature was maintained by an Air Products and Chemicals Type AC-1 Cryotip dewar. Our procedure was to record the absorption spectrum at room temperature; then cool the sample and let it remain at that temperature for at least 0.5 hr, so that it was thermally equilibrated and optically stable. After several successive spectra were recorded in order to check the apparatus and preparation for reproducibility, the sample was partially bleached by a 100-W microscope lamp through either Coming Glass filters or Baird Atomic interference filters. The spectrum of the irradiated sample was then recorded several times to check for stability. At the completion of the experiment, the sample was allowed to warm to room temperature. Hydroxylamine ( The difference spectrum of cattle rhodopsin. Rhodopsin in 2% digitonin (1 part to 3 parts glycerol) was illuminated for 7 min through a 490-nm interference filter (band width = 12 nm) by a 100-W microscope lamp. The absorption spectrum of the sample after illumination was then subtracted from the spectrum before illumination. In order to extend the difference spectrum measurements to the 235-to 250-nm region, the above experiment was repeated with another aliquot of more dilute rhodopsin solution. Each sample was held at -105°throughout the experiment.
spectrum was recorded; the sample was then completely bleached, and the percentage of rhodopsin initially converted to unstable products and the percentages of rhodopsin and isorhodopsin remaining were determined by the method of Hubbard, Brown, and Bownds (12) . Finally, the two lowtemperature spectra before and after bleaching were subtracted from each other to give the difference spectrum, such as that shown in Fig. 2 . Six experiments identical with that shown in Fig. 2 were performed and all spectra fell within the ranges (error bars) shown. Fig. 2 shows a typical low-temperature difference spectrum for rhodopsin in the ultraviolet and visible region of the spectrum.
RESULTS
A number of important features should be noted. First, no absorbency changes are observed in the 235-to 255-nm region; the implications of this observation will be discussed below. The changes in the 400-to 600-nm region reflect the formation of isorhodopsin (9-cis rhodopsin) and lumirhodopsin. Of interest in this work are the changes in the 255-to 400-nm region. Upon partial conversion of the rhodopsin to lumirhodopsin, isorhodopsin, and photoregenerated rhodopsin, there is a small decrease in the 300-to 370-nm region and a larger decrease in the 255-to 285-nm region.
We have tried to determine the magnitudes of these changes, compared with the amount of rhodopsin bleached. It appears that the decrease at 340 nm is not more than 3% of the final change at 500 nm, and the decrease in the 280-nm region is no more than 5% of the final change at 500 nm. Accurate figures were, however, hard to obtain because of the effects of the conversion of rhodopsin to isorhodopsin, which we determined to be about 15-20% of the amount of original rhodopsin with the bleaching conditions used in our experiments. The formation of isorhodopsin is unavoidable, because it is necessary to use high light intensities in these experiments. The presence of this isorhodopsin should not change our qualitative results, that there are two ultraviolet absorbancy changes in rhodopsin at low temperature. This small amount of isorhodopsin may, however, cause some change in the true shape of the difference spectrum for the complete conversion of rhodopsin to lumirhodopsin.
DISCUSSION
Several other investigators have also studied the ultraviolet portion of the rhodopsin absorption spectrum. Takagi (12) and Hubbard et al. (13) have studied the effect of bleaching on the 280-nm band of rhodopsin at room temperature. They explained the decrease in absorption at 280 nm on the basis of conformational changes in the protein. At room temperature, these protein changes no doubt make an important contribution to the spectral changes. However, we do not believe that significant conformational changes of the protein take place in our experiments. At the temperatures we investigated, rhodopsin is converted by light to prelumirhodopsin and then to lumirhodopsin, which is stable. Our suspicion that conformational changes of proteins in a glycerol glass will not take place at -105°is supported by several observations. Kinetic data suggest that no large conformational changes of protein are involved in the transition from rhodopsin to lumirhodopsin (14, 15) . Stronger evidence is provided by photoregeneration experiments (16, 17) that indicate that only changes in the chromophore are needed to explain the interconversion of rhodopsin prelumi and lumirhodopsin by light. Moreover, the spectral shifts of the intermediates can be explained theoretically solely on the basis of the chromophore conformation (18) .
In an attempt to detect conformation changes of the protein at -105°, we have examined the low-temperature difference spectrum of rhodopsin in the 235-nm region. At this wavelength, a very large decrease in absorbance is seen in the perturbation difference spectrum of most proteins (19) .
Others have shown that when rhodopsin is irradiated at 250, the decrease in absorbency at 235 nm is as large as the decrease at 500 nm and is about 10 times the decrease in the 280-nm region (12) . However, we find that at -105°, the change at 235 nm was not detectable with an upper limit of less than 0.50%0 of the change in the 280-nm region. Together, the arguments presented above indicate that there are no significant protein conformational changes of the protein at -105°. This implies that the decreases in the absorption spectrum of irradiated rhodopsin at low temperatures at 280 and 240 nm are due to the isomerization of the chromophore.
The size of the decrease in absorbency at 280 nm reported here is somewhat smaller than the decrease seen in this region at room temperature (12) . Moreover, the shape of the difference spectrum is quite different at the two temperatures (17) . This is probably due to the contribution of the changes of the protein to the difference spectrum at room temperature.
It is believed that the chromophore of rhodopsin, 11 20 correspond to the 280-and 340-nm bands of rhodopsin identified in this work.
The fact that in our difference spectra the 280-nm peak decreases in intensity more than the 240-nm peak might be predicted from a comparison of the spectra of retinal isomers and Schiff bases, since the intensity absorption differences between 11-cis and either all-trans or 9-cis retinal are greater at 250 than at 280 nm. A similar relationship holds for the 275-and 340-nm peaks of the corresponding Schiff bases. Thus, qualitatively similar difference spectra in the ultraviolet are expected whether rhodopsin is transformed either to lumirhodopsin or isorhodopsin.
It is interesting to note that the decreases we observe in the low-temperature spectrum of rhodopsin are completely consistent with a cis-trant isomerization of the chromophore. Our results imply that the early stages of bleaching may be completely understood on the basis of a mechanism that involves changes in the chromophore alone. Finally, they indicate that major conformational changes in the protein only begin after the lumirhodopsin stage in bleaching.
